Phytophthora capsici Leonian is a soilborne plant pathogen which causes fruit, crown, and root rot in a wide range of vegetable hosts including peppers, tomato, squash, melons, and most recently green and lima beans (5, 9, 30, 35, 60) . P. capsici was first described as a pathogen of pepper in New Mexico (42) . Since the initial species description, P. capsici has been reported on additional hosts (18, 28, 29, (32) (33) (34) 44, 46, 50, 58, 68, 72) . P. capsici can produce massive amounts of asexual deciduous sporangia on infected host and large scale epidemics can be initiated from a limited number of infected plants (62) . Unlike many other Phytophthora diseases that are favored by cooler temperatures, disease is favored by warm (25 to 28°C) and wet conditions (9) . P. capsici is heterothallic requiring the interaction of two mating types (A1 and A2) to complete the sexual stage and produce thick-walled sexual oospores. Oospores are capable of surviving in the soil for several years, germinating in favorable environmental conditions (9, 15, 49, 61) . In the United States, both mating types are found at most locations and oospores are thought to play an important role in the epidemiology (37) (38) (39) (40) 58) . In addition, P. capsici has been isolated from creeks used for irrigation of vegetables in Michigan and it has been shown to infect diverse weeds (16, 19, 56) . In many cases crop rotation has not reduced the residual inoculum sufficiently to provide effective protection (41) .
In Peru, P. capsici was first reported as the causal agent for wilt and root rot infecting several Capsicum spp. in 1971 (10) . Since then, no other investigation has been conducted despite increasing losses due to P. capsici for pepper growers in Peru. Various practices are applied to control the epidemics, such as moderate irrigation, the use of well-drained fields, crop rotation, and fungicide treatments (3, 48) . The Andean region of Peru-Bolivia is considered one of the centers of origin for species within the genus Capsicum. Archeological studies in coastal Peru have revealed evidence for the presence of Capsicum spp. dating back 4,000 years (54). It is not known how long P. capsici has been present in and around the Capsicum center of origin, nor is it known whether P. capsici infected other ancient local crops, such as cucurbits, prior to Capsicum (6) . Several varieties of C. annuum, as well as other species of Capsicum such as C. baccatum, C. chinense, and C. pubescens are cultivated across the coastal area of the country and several other Capsicum spp. are grown in the Amazon (55) . Thus, a high diversity of the host may impact the pathogen population structure and evolution (73) . A better understanding of the mechanisms by which P. capsici is surviving and spreading will assist in developing effective management and breeding strategies.
Our primary objective was to characterize the survival and spread of P. capsici in pepper production areas of coastal Peru. We report on the absence of diversity in P. capsici recovered from peppers and tomatoes from across coastal Peru for mating type, amplified fragment length polymorphism (AFLP), and single nucleotide polymorphism (SNP) markers, and we present a fine scale genotypic analysis of P. capsici recovered from pepper in the Barranca valley.
MATERIALS AND METHODS
Isolate recovery and sampling scheme. Samples collected in 2005 (n = 23) were received as standard diagnostic specimens and processed by the diagnostic clinic at the National Agricultural University, La Molina (Lima, Peru). Isolates were recovered from seven different hosts at 23 field sites ( Fig. 1 and Table 1 ). During 2006 to 2007 a more intensive sampling was performed at 10 pepper fields located in Barranca, a coastal province 120 m north of the city of Lima. The fields spanned four districts: Barranca, Supe, Caral, and Minas ( Fig. 2 ; Table 2 ). Fields were previously cultivated with the following hosts: tomato, potato, paprika, and/or artichoke. Fields varied in size from 3 to 10 ha and isolates were recovered from the following Capsicum species: C. annum, C. baccatum, C. chinense, and C. pubescens. Plants varied in age from 3 weeks-old to 3 months old and wilting was the primary symptom of infected plants. Adjacent plants within a field were avoided. All of the isolates were recovered from the crown region of infected plants. A minimum of 12 symptomatic plants were collected per field and transported to Lima for pathogen isolation at the diagnostic clinic (National Agricultural University, La Molina). P. capsici culture collection isolates CBS121656 (isolated from infected cucumbers in Michigan 1997) and CBS121657 (isolated from infected pumpkins in Tennessee 2004) were also included in the study.
For pathogen isolation, infected plants were thoroughly washed with tap and sterile distilled water. Small sections of tissue were then excised from the edge of expanding lesion at the crown level and transferred to potato dextrose agar plates amended with PARP (100 ppm of pimaricin, 100 ppm of ampicillin, 30 ppm of rifampicin, and 100 ppm of pentachloronitrobenzene). Plates were incubated for 2 days at room temperature. Hyphal tips were subcultured from actively expanding mycelium and transferred to V8-juice agar amended with PARP. For long-term storage, agar plugs of mycelium were stored in 2 ml screw cap tubes with 1 ml of sterile distilled water and three sterile hemp seeds.
To determine the mating type of P. capsici isolates, plugs of actively expanding mycelium were placed at the center of V8-juice agar plates approximately 2 cm away from "tester" isolate CBS121656 (mating type A1) or CBS121657 (mating type A2). Plates were wrapped with Parafilm and incubated in the dark at room temperature for at least 1 week, after which observations were made for the production of oospores at the interface using a light microscope. Isolates able to produce oospores when crossed against CBS121656 were determined as A2 mating type. Conversely, isolates that were able to form oospores when crossed against CBS121657 were determined as A1 mating type.
DNA isolation and AFLP analyses. To determine genetic similarity among P. capsici isolates, AFLP profiles were generated for all 227 isolates. Isolates were grown and treated as previously described for DNA isolation (36) . AFLP genotyping was done using EcoRI and MseI restriction endonucleases, adapters, and primers as described by Vos et al. (70) . Preselective amplification was done using no selective nucleotides (Eco+0/ Mse+0) and selective amplification was conducted with selective primer pair (Eco+CG/Mse+CG). Selective amplifications were diluted and labeled in a separate reaction according to Habera et al. (25) . AFLP fragments were resolved and analyzed on a CEQ 8000 Genetic Analysis System (Beckman Coulter) following the manufacturer's protocols. A 600 bp DNA size standard was used to resolve AFLP fragments (Beckman Coulter). AFLP marker sizes ranged from 70 to 500 bp. AFLP profiles were generated twice for each isolate using independent DNA extractions. A binary matrix was constructed using only clearly resolved, replicated markers. Using the program NTSYSpc 2.11a (Exeter Software, Setauket, NY), the combined data matrix was used to construct a genetic similarity matrix of all possible pairwise comparisons of individuals using Jaccard's similarity coefficient: (Table 3) . SNP assays were performed using 7.5 µl of iQ Supermix (Bio-Rad), 0.325 µl of Taqman probe/primers allelic discrimination cocktail (40×), 2 µl of DNA (≈15 to 20 ηg) and 3.2 µl of molecular biology grade H 2 O. Polymerase chain reactions (PCR) were carried out in 96-well plates (Bio-Rad) in triplicates for each isolate on an iQ5 real-time thermal cycler (Bio-Rad) using the following parameters: 95°C for 10 min, 40 cycles of 92°C for 15 s and 60°C for 1 min. Each assay was standardized for their optimal cycling PCR conditions. Results were analyzed with the accompanying iQ5 optical system software 1.0 (Bio-Rad) using the allelic discrimination option, adjusting parameters for cycle threshold (Ct) values and relative fluorescent units (RFU) according to the manufacturer's instructions. Results were scored as allele 1 = 11 (FAM), allele 2 = 22 (VIC), and heterozygous = 12. A concatenated similarity tree with bootstraps (AFLP and SNP) was built as described above. 
RESULTS

AFLP
a Underlined nucleotide refers to the assessed SNP. F = forward and R = reverse. Isolates belonging to the clonal lineage PcPE-1 were recovered from widely dispersed geographic fields (e.g., Ica and Trujillo, Fig. 1 ) whereas isolates from PcPE-2 were confined to Lima and Ica (Fig. 1) . Mating type analysis revealed that all 227 isolates were the A2 mating type.
SNP and genotyping. Analysis of six SNP markers showed a strong correlation with the AFLP analysis. Thirty-four of the thirty-seven isolates identified as the PcPE-1 type using AFLP had SNP profiles identical to PcPE-1, five isolates with the PcPE-2 AFLP profile had SNP profiles identical to PcPE-2, and LT2145, which had a unique AFLP profile, also had a unique multi-locus SNP profile (Table 4) . Two isolates identified as the PcPE-1 type using AFLP (LT3726 and LT3762) had a single SNP marker, SNP 15, changed from AG to AA (Table 4) . Additionally, LT3753, identified as PcPE-1 with AFLP, had two SNP markers changed from hetero-to homozygosity; URA3 changed from AG to GG, and SNP 15 changed from AG to AA (Table 4) . Clone correction of the 227 isolates reduced the total number of unique multi-locus genotypes to five, and for all six SNP markers, only two of the three possible genotypes were observed. Due to the small size of the clone corrected data set, Hardy-Weinberg and other population genetic metrics that are based on allele frequencies were not calculated. A UPGMA cluster analysis combining AFLP and SNP markers revealed that the two distinct clusters (PcPE-1 and PcPE-2) shared approximately 70% of the markers (Fig. 3) .
DISCUSSION
This is the first large-scale spatiotemporal population study of P. capsici infecting peppers and tomatoes in Peru using molecular tools. P. capsici is a major biological threat to peppers in Peru and our objective was to better understand how P. capsici is surviving and spreading. There are few population studies characterizing the genotypic diversity of P. capsici outside of the United States, and a limited number of studies indicating the frequency of the A1 or A2 mating types at specific sites. In Northwest Spain, 16 isolates from 11 locations had a low level of genetic variation based on random amplified polymorphism DNA (RAPD) analysis and all were a single (A1) mating type (63) . Additional reports of only a single mating type include reports from Bulgaria (45 isolates, all A1), southern Italy (60 isolates, all A2), and southeastern Spain (3 isolates, all A1) (27, 31, 52) . Both mating types have been reported from Brazil, Canada, Mexico, and northern Italy (1, 12, 45, 67) . AFLP and SNP analysis of 227 P. capsici isolates recovered from 2005 to 2007 from four different Capsicum spp. and tomato at 33 locations throughout Peru revealed a surprisingly homogenous population with much lower genotypic and overall genetic diversity compared to populations analyzed in the United States (26, 38, 39) . A single clonal lineage (PcPE-1) accounts for 221 of the isolates and this clonal type was recovered in all of the locations sampled except for three isolates from the Ica Valley (Figs. 1 and 3) . Also surprising, but consistent with the molecular data, was the finding that all of the isolates had the A2 mating type. For the United State's populations that have been analyzed in detail, the overall picture is significantly different. In the United States, both the A1 and A2 mating types have been recovered from many different locations and the genetic structure clearly reflects the impact of sexual recombination on the overall population biology (4, 11, 26, 29, 33, 37, 39, 41, 51, 58) . In Michigan, the expansion of clonal lineages is common within single fields during a single year; but spread of clonal lineages over long distances or survival over the winter has not been detected (40, 41) .
Although AFLP data showed no new AFLP genotypes in the Barranca valley from 2005 to 2007, SNP genotyping of a subset of isolates revealed changes from heterozygosity to homozygosity at two loci; SNP15 and URA3 (Table 4) . Since the overall AFLP profile is identical to the PcPE-1 clonal type there is no evidence that sex has occurred and most likely these changes are due to some kind of mitotic effect (e.g., gene conversion) (20) . Mitotic recombination as well as mutation and gene conversion are thought to be sources of variation for Phytophthora spp. that spread as large clonal lineages such as P. infestans, P. cinnamomi, and P. ramorum (7, 21, 57) .
Currently it is not clear how a single clonal lineage has spread throughout coastal Peru. In the United States, P. capsici does not appear to be spread long distances aerially similar to P. infestans and movement is most likely via infested water, soil, or plant parts (59) . The finding of a limited number of widely dispersed clonal lineages parallels the situation with P. infestans in Peru where clonal lineages define the population structure. For both P. capsici and P. infestans migration of the opposite mating type (A1 for P. capsici and A2 for P. infestans) could significantly impact the overall diversity of populations and may contribute to increased crop losses and pathogen survival (2, 8, 13, 14, 17, (21) (22) (23) (24) 53, 64, 65, 69) .
Coastal Peru is a very dry agricultural system with very little annual rainfall (less than 50 mm/year) and above-ground infection and sporulation is generally not observed. The geography at many of the sites sampled precludes infested irrigation water accounting for the observed population structure as they are separate valleys and rely on separate water sources. Further investigations of movement on seedlings and/or seed are warranted. For the isolates collected from the ten fields in the Barranca valley the situation may be easier to explain. The pepper cropping season in the Barranca coastal areas starts in October and plants are mature in April. Further up the valley, at a higher elevation (Caral and Minas districts), the climate allows and farmers practice yearround pepper cultivation. Irrigation water in the Barranca valley comes from the Supe River, which runs west from the slope Andean mountains to the Pacific Ocean (Fig. 2) and it is possible that P. capsici outbreaks occurring in higher areas of the valley contribute to the incidence of pepper root rot and crown rot in lower parts of the valley. In addition, alternative explanations such as movement of plant seedling, tools, and survival of latent mycelium or sporangia in plant debris should not be excluded. Current methods to control P. capsici include avoiding excess water in the plant rhizosphere through conservative irrigation and planting on raised beds. Drip irrigation is employed in some cases, but not all farmers have access to this technology. In light of our findings it will be important to test the above-ground irrigation water for the presence of P. capsici.
Peppers, originally cultivated in South America, now have more than five cultivated species and over twenty wild species (27) . Archeological studies revealed deposits of cultivated types of Capsicum baccatum dating back 4,000 years in coastal areas in Peru (54) and a major portion of Capsicum evolution appears to have occurred in the south-central Peruvian and Bolivian Andes (43) . Our studies suggests that P. capsici in Peru has the profile of an introduced pathogen. Additional investigation into the population structure of P. capsici at other locations in Peru (e.g., C. pubescences cultivated in the Amazon, in the eastern side of the Andes) and other areas in South America may provide some clues to the current situation and may help identify current and past possible routes of dissemination.
Breeding for resistance against P. capsici has been challenging due to the high diversity of pathogen populations in the United States (47, 71) . If the genotypic clonality of P. capsici in Peru is reflective of fewer race types of P. capsici, then this could offer the advantage for pepper breeders to generate resistant pepper lines that protect against one or a few clonal lineages. In light of the mitotic genetic changes that may be occurring within the context of a clonal population, it will be important to include a panel of clonal isolates from different geographic locations in the screening program.
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